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Severa l non-des t ruc t ive techniques for the de terminat ion of Pu 
in solid waste based on gamma spect roscopy with a Na( l ) -c rys ta l 
(1. 2) have been descr ibed . As solid waste d rum a s say for pluto-
nium became n e c e s s a r y at EUROCHEMIC, the same techniques 
were applied. It soon became evident however, that this technique 
was not applicable at a r ep rocess ing plant t rea t ing a wide var ie ty 
of fuels (PWR, BWR, LWR) with a la rge var ia t ion in burn-up, 
giving plutonium with a wide range of isotopie composi t ions . 
The next step at EUROCHEMIC was therefore the use of a high 
resolut ion Ge(Li) -detec tor coupled to a 1024-channel ana lyzer with 
which it was possible to scan a waste d rum and: 
a) to "identify" the plutonium by es t imat ing the probable isotopie 
composit ion, 
b) to m e a s u r e the content of plutonium by using selected gamma 
. l ines of Pu-239 and 
c) to apply co r rec t ions for gamma absorpt ion in the m a t r i x m a t e -
r i a l by evaluating l ines of different energy from the same isotope. 
Extensive descr ip t ion of a s imi l a r technique is published in ref. (3). 
The r e su l t s obtained by these m e a s u r e m e n t s at EUROCHEMIC 
were routinely communicated to the EURATOM Safeguards Inspec-
tion Agency in Luxembourg. 
The somet imes a la rmingly high quanti t ies of plutonium repor ted 
in these waste d r u m s suggested to the Agency that other , indepen-
dent non-des t ruc t ive techniques should be applied for control . 
At this point it was recognized that the g a m m a - s p e c t r o m e t r y t ech-
nique only would be applicable to waste d rums where the plutonium 
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w a s r e a s o n a b l y h o m o g e n e o u s l y d i s t r i b u t e d in m a t e r i a l w h e r e the 
g a m m a r a y a t t e n u a t i o n would not be too high ( a v e r a g e a t o m i c n u m -
b e r < 10). 
P u O m i g h t p a s s u n d e t e c t e d by the g a m m a - s p e c t r o m e t r i c t e c h -
n ique if su f f ic ien t ly s h i e l d e d . 
E v i d e n t l y , t h i s p r o b l e m i s not so s e r i o u s for p a s s i v e n e u t r o n 
a s s a y . On the c o n t r a r y , t h i s t e c h n i q u e i s m u c h m o r e s e n s i t i v e to 
low a t o m i c n u m b e r m a t e r i a l s . T i l l now g a m m a - and n e u t r o n a s s a y 
a r e c o m p l e m e n t a r y t e c h n i q u e s and f r o m a s a f e g u a r d s po in t of v i ew 
both should be app l i ed , g a m m a - s p e c t r o s c o p y for e s t a b l i s h i n g the 
i s o t o p i e c o m p o s i t i o n of the m a t e r i a l and n e u t r o n a s s a y for the t o t a l 
quan t i t y . 
In the b e s t i n t e r e s t of s a f e g u a r d s and r e p r o c e s s i n g p l an t a c c o u n t -
a b i l i t y , a c o o p e r a t i o n w a s e s t a b l i s h e d b e t w e e n E U R A T O M , L u x e m -
b o u r g ; E U R A T O M , I s p r a and E U R O C H E M I C wi th the a i m to m e a -
s u r e a s m a n y a c t u a l w a s t e d r u m s a s p o s s i b l e wi th p a s s i v e n e u t r o n 
a s s a y t e c h n i q u e s . 
In C h a p t e r 1 the d e s c r i p t i o n of the e q u i p m e n t invo lved i s g iven . 
T h i s c h a p t e r c o n t a i n s a l l r e l e v a n t i n f o r m a t i o n abou t the p e r f o r m a n c e 
of the d e t e c t i o n - and the t i m e c o r r e l a t i o n a n a l y s i s s y s t e m s . E m p h a -
s i s i s g iven to p r o b l e m s of the d e t e c t o r r e s p o n s e u n d e r v a r i o u s c o n -
d i t i o n s of s a m p l e s and m a t r i x m a t e r i a l s and to the in f luence of h igh 
count r a t e s on the c o i n c i d e n c e r a t e for i n t e g r a l a u t o - c o r r e l a t i o n t e c h -
n i q u e s (VDC - and o t h e r c o i n c i d e n c e t e c h n i q u e s ) . T h e s e p r o b l e m s 
a r e f r e q u e n t l y i g n o r e d in p r a c t i c e , but t h i s d o e s not m e a n t h a t t h e y 
a r e n e g l i g i b l e ! 
C h a p t e r 2 d e a l s wi th m e a s u r e m e n t s wi th known s a m p l e s , wh ich 
s e r v e for the d e t e r m i n a t i o n of a l l p a r a m e t e r s n e e d e d for the n u m e r i -
c a l a n a l y s i s of the r a w e x p e r i m e n t a l d a t a . An e s t i m a t e of the d i f f i -
cult neutron self -mult ipl icat ion effect is included. Measu remen t s 
with r ep rocess ing plant waste d r u m s a r e repor ted in Chapter 3. 
Conclusions from all repor ted exper iments a r e l isted in Chap-
t e r 4. 
1. DESCRIPTION OF THE INSTRUMENTATION 
A genera l view of the pass ive neutron a s s a y equipment, which 
was used for m e a s u r e m e n t s with 30 1 waste d rums is shown in 
F ig . 1 and a block d iagram of the same is given in Fig . 2. 
The var ious components and units of the ins t rumenta t ion will be 
descr ibed hereaf te r . 
1. 1 Neutron Detector Assembly for Waste Drums 
The neutron detector is built up of six modular uni ts . These units 
a r e held together by two f rames in such a way that they form a hexa-
gonal well counter , in which a waste d rum of maximum 34 cm dia-
m e t e r and 43 cm height can be placed. Top cover and bottom of the 
well a r e made of polyethylene plates of 6. 2 cm th ickness . Photographs 
of the a s sembly a r e shown in F ig . 3. 
3 Each modular unit contains th ree He-propor t iona l counters of 
50 cm active length, 2. 5 cm d i ame te r and 6 a tm gas p r e s s u r e . These 
counters a r e embedded in a m o d e r a t o r block of polyethylene which is 
clad with cadmium of 1 m m th ickness . Each block is covered on the 
in ternal face of the well by a s tee l plate of 2 cm thickness which ac ts 
as a neutron spec t rum shifter and a l so as a gamma-sh ie ld . On the ex-
t e rna l face a 3 cm thick polyethylene plate is mounted which s e rves 
for backsca t te r ing of fast and ep i the rmal neutrons into the counter . 
Both pla tes together provide for ra is ing of the neutron counting effi-
ciency and flattening of the spec t r a l r e sponse . 
The s p a t i a l r e s p o n s e func t ions f (r) and f ( z ) [ f ( r , z) = f ( r ) . f (ζ)Ί 
.τ ζ r ζ 
of the c o u n t e r we l l for f i s s i o n n e u t r o n s a r e shown in F i g . 4 . In 
F i g . 5 the c o u n t e r r e s p o n s e func t ions f (R) and f (H /2 ) , r e s ­
p e c t i v e l y a v e r a g e d o v e r r a d i u s R, and he igh t Η of c y l i n d e r s a r e 
p l o t t e d . 
T h e s e c u r v e s s e r v e for the e v a l u a t i o n of the m e a n count ing eff i ­
c i e n c y of c y l i n d r i c a l d r u m s of v a r i o u s s i z e s . 
The effect of m o d e r a t i n g m a t r i x m a t e r i a l on the s p a t i a l r e s p o n s e 
of the c o u n t e r a s s e m b l y i s d e m o n s t r a t e d in F i g . 6 for d r u m s of v a ­
r i o u s d i a m e t e r s and 38 c m he igh t , f i l led wi th p o l y e t h y l e n e g r a i n s 
of 0. 6 g / c m d e n s i t y . T h e s e c u r v e s a l l ow for the e s t i m a t i o n of the 
effect of a s t r o n g l y m o d e r a t i n g m a t r i x on the count ing e f f i c i ency . 
Heavy m a t r i x m a t e r i a l h a s a m u c h s m a l l e r in f luence on the c o u n t e r 
r e s p o n s e . F o r e x a m p l e , a f i s s i o n n e u t r o n s o u r c e (Cf-252) h a s b e e n 
put in the c e n t r e of a l ead c y l i n d e r of 1 5 c m d i a m e t e r and 17 c m 
he igh t (ca . 30 kg) and t h i s gave a r e l a t i v e i n c r e a s e in the coun t ing 
e f f i c iency of about 8%. 
The s p e c t r a l r e s p o n s e funct ion n o r m a l i z e d to the Cf -252 f i s s i o n 
n e u t r o n e n e r g y i s g iven in F i g . 7. A n e u t r o n d e c a y c u r v e i s shown 
in F i g . 8 f r o m wh ich the n e u t r o n d i e - a w a y t i m e of the d e t e c t o r a s ­
s e m b l y h a s b e e n d e t e r m i n e d a s (30. 0 + 0. 3 ) /u s . T h e r e i s no m e a ­
s u r a b l e in f luence of m a t r i x m a t e r i a l on the d i e - a w a y t i m e . F i n a l l y , 
in F i g . 9 the a b s o l u t e f i s s i o n n e u t r o n coun t ing e f f i c iency ε (0 ) in 
t h e c e n t r e of the w e l l i s p lo t t ed a s a funct ion of d i s c r i m i n a t o r s e t ­
t i ngs of the V D C - u n i t u s ing 1830 V d e t e c t o r b i a s v o l t a g e . 
1. 2 V a r i a b l e D e a d - T i m e C o u n t e r (VDC) 
The i n s t r u m e n t is d e s c r i b e d in ref. (4) and (5). A p h o t o g r a p h of 
it i s shown in F i g . 10 and the b l o c k d i a g r a m is i nc luded in F i g . 2. 
It c o n s i s t s of p u l s e a m p l i f i c a t i o n , - f o r m a t i o n and - d i s c r i m i n a t i o n 
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chains for six neutron de tec tor uni ts , a pulse mixing c i rcui t and 
one fast and four slow pulse counters with nominal dead- t imes 
τ . = 16/us, 32/us, 64 us and 128 u s . The dead- t ime lo s ses of the 
different pulse counters a r e analyzed in t e r m s of count r a t e s of 
neutrons from spontaneous fissioning nucl ides , in this case e s s e n ­
tially of Pu-240 . The re la t ionship between the fission neutron 
count ra te and the m e a s u r e d count r a t e s C^ can be es tabl ished by 
a s imple considera t ion of the var ious components of the count 
r a t e s and thei r balance. 
Let us cal l 
40 a be C the count ra te of the fast pulse counter and C and C and C o o o o 
respec t ive ly the spontaneous fission neutron, (a , n) and background 
count r a t e s of which C is composed, we have: 
c = c 4 0 + c a + c b g 
o o o o 
With analogous definitions we wri te the equations for the count r a t e s 
C. of the pulse counters with the dead- t ime X. a s : ι ι 
c. = c 4 0 + c a + c b g 
40 In o rde r to de te rmine C from C and C„ we consider the fol-
° ° 4 0 X 
lowing balance of count r a t e s . F r o m C counts per unit t ime a par t 
40 ° 
(C. ) will t r i gge r the counter (i) with dead t ime %.. Because the 
fission neutrons a r e emit ted in groups (at the average 2. 2 per event), 
40 40 
the re will be a fraction F . of C. co r r e l a t ed with the t r i gge r pulses 
40 * X C. which we call the "true coincidence count r a t e " . ι 
40 Moreover , the re will be a loss of C.T.C counts due to the dead-
1 i o 
t ime τ . of the counter (i), which we call "accidental coincidence 
h o 
count r a t e " . Analogous re la t ionships a r e obtained for C , C and 
b b o o 
C , C. respec t ive ly , but F . and F . a r e ze ro , unless neutron mul -
1 1 1 1 
t ipl ication is taken into account. Neglecting the la t te r for the moment 
10 
we have; 
40 . 4 0 , , „40 . „40 . . 
C = C . ( 1 + F . ) + C.T.C (1. a) 
ο ι i l i o 
c« = c« 
O 1 
cbg = cbg 
o 1 
+ C . T . C a 
1 1 o 
+ C . T . C b g 
1 1 o 
( l . b ) 
( l . c ) 
40 40 C = C. + C F + C.T.C (2) 
O 1 1 1 1 1 o 
F r o m eq. ( l . a ) and (2) we obtain 
­ . / C \ 1 + F 4 0 
i l F . 
i 
C 4 0 = K.X. (3. a) 
O l i 
with 
1 + F 4 0 Ki .-¿Γ (4) 
F . 1 c 
Xi mCo-T^-.-Co' Γ < 5 > i i τ . ­ 7Γ­i C . 
1 
K. can be de termined by a cal ibra t ion m e a s u r e m e n t with a smal l 1 40 Pu— 240 sample (metall ic plutonium) where C and X. can be m e a ­o ι 
sured d i rec t ly . It can a l so be calculated from nuclear p a r a m e t e r s 
(fission neutron emiss ion multiplicity) and i n s t rumen ta l p a r a m e t e r s 
(counting efficiency and die­away time) as shown in ref. (6). The 
effective dead­ t ime τ . is equal to the nominal dead­ t ime ( τ . ) minus 
1 1o 
the d i sc r imina to r pa ra lys i s t ime θ , averaged over the six counting 
chains . The averaged θ is obtained from the eq. (6). 
A 
C O T , C 
(6) l ­ C ­ , θ , 1­C θ ok k o 
where CQ means the pulse ra te of chain k, 
11 
θ the p a r a l y s i s t i m e of c h a i n k, and 
k 6 
C n = } C the t o t a l p u l s e r a t e . T h u s θ b e c o m e s : '•■I 
6 c ^ 
°k Στ C k=l * c ° k \ ° 
k j ^ _ — k k ( 7 ) 
c °k : > -
°4-\ i-( k = l ^ ' C O k ° k 
C 
F o r s y m m e t r i c d i s t r i b u t i o n of the p u l s e r a t e , i . e. C = ~7~ and 
■&, = C o n s t Ξ ·& , we ob ta in ■& = 1 / 6 A . k o o 
θ d e p e n d s on the p u l s e s h a p e and the d i s c r i m i n a t i o n l e v e l , a s shown Jtc 
in F i g . 1 1 . In F i g . 12 a r e p lo t t ed t h e e f fec t ive τ . - v a l u e s a p p l i c a b l e 
C x for s y m m e t r i c d i s t r i b u t i o n of the p u l s e s (C = —r~, θ , = c o n s t = ■& ) 
o o k o 
a s a funct ion of the d i s c r i m i n a t o r s e t t i n g s . T h e s e v a l u e s a r e d e r i v e d 
f r o m m e a s u r e m e n t s wi th a p u r e ( a , n) s o u r c e . E q . (5) g i v e s for t h i s 
c a s e 
i o 
F o r a s y m m e t r i c d i s t r i b u t i o n s of the p u l s e s , f o r m u l a (7) c a n be 
u s e d for c o r r e c t i o n s . 
τ ^ = T i + Δθ 
Δ θ = (J θ - θ ) 6 ο 
40 U n f o r t u n a t e l y , F . and t h e r e f o r e Κ., d e p e n d on the count r a t e C. ι ι ι 
i t se l f . T h i s i s due to the fac t t h a t the h i g h e r the count r a t e , the m o r e 
p r o b a b l e i s the c a s e tha t a s p o n t a n e o u s f i s s i o n even t o c c u r s d u r i n g 
the c l o s u r e of the c o u n t e r (i). T h e n a f r a c t i o n of the e m i t t e d n e u t r o n 
p o p u l a t i o n d i e s a w a y b e f o r e the c o u n t e r m a y be r e t r i g g e r e d by the 
12 
40 surviving fraction and accordingly F . becomes s m a l l e r . This 
effect is taken into account by a l inear co r rec t ion t e r m given be­
low 
K.(C.) = K. (1 + b.C.) (9) 
1 1 ί ο 1 1 
It is more convenient to include this co r rec t ion t e r m into the X. 
ι 
X. = X.(l + b.C.) (10) 
ί ο 1 1 1 
and to wri te 
40 C = Κ . Χ . 11) 
O IO IO 
where Κ. is now a constant . 
i o 
The dependence of b. on the neutron d ie-away t ime 1 of the de t ec ­
tor is shown in F ig . 13. These cu rves have been obtained from Monte 
Carlo s imulat ion of the VDC by means of the computer ized sys tem 
for t ime cor re la t ion ana lys i s , which is desc r ibed in the following s e c ­
tion. 
The exper imenta l de te rmina t ion of the b . -va lues is explained in 
section 2. 2 in connection with the ca l ibra t ion of the ins t rument . 
1. 3 "Computer ized Sys tem" for Time Cor re la t ion Analys is of F i s s ion 
Neutrons 
The computer ized sys tem is desc r ibed in Ref. (6). This sys tem is 
general ly useful for the (a) s imulat ion and (b) m e a s u r e m e n t of the 
t ime dis t r ibut ion of pulses from de tec to r - sample a r r a n g e m e n t s , and 
analys is of the t ime co r re l a t ions among these pu l ses . In the p re sen t 
invest igations it s e r v e s mainly as a re fe rence method for pass ive 
neutron a s s a y by the VDC-ins t rument . 
13 
The " s i m u l a t i o n " i s p e r f o r m e d by the Monte C a r l o - m e t h o d . Input 
d a t a a r e : 
i) s o u r c e p a r a m e t e r s : a m o u n t , h a l f - l i f e , p r o b a b i l i t y d i s t r i b u t i o n 
funct ion of n e u t r o n e m i s s i o n m u l t i p l i c i t y (p - d i s t r i b u t i o n ) of s p o n ­
t a n e o u s n e u t r o n e m i t t e r s ( s p o n t a n e o u s f i s s i o n o r ( a , n ) - r e a c t i o n s ) , 
ii) m u l t i p l i c a t i o n p a r a m e t e r s : p r o b a b i l i t i e s for induced f i s s i o n r e a c ­
t i ons in f i s s i l e i s o t o p e s of the s a m p l e and the r e s p e c t i v e n e u t r o n 
e m i s s i o n m u l t i p l i c i t i e s for the v a r i o u s s o u r c e s , 
i i i) n e u t r o n d e t e c t o r p a r a m e t e r s : d e t e c t i o n p r o b a b i l i t i e s and d i e -
a w a y t i m e of n e u t r o n s f r o m the v a r i o u s s o u r c e s . 
Output da t a a r e : 
i) T i m e d i s t r i b u t i o n of n e u t r o n d e t e c t i o n p u l s e s , 
ii) T i m e c o r r e l a t i o n a n a l y s i s a s Ros si-<A - m e t h o d , V D C - m e t h o d and 
o t h e r w e l l known p u l s e c o r r e l a t i o n m e t h o d s . 
A s c h e m a t i c flow d i a g r a m is shown in F i g . 14. In the c a s e of a 
" m e a s u r e m e n t " , the t i m e d i s t r i b u t i o n of n e u t r o n d e t e c t i o n p u l s e s i s 
p r o d u c e d by a c o n v e r t e r , w h i c h c o n v e r t s the d e t e c t o r p u l s e s in t h e i r 
r e a l a r r i v a l t i m e . 8 Inputs for d e t e c t o r p u l s e s a r e p r o v i d e d and 
e a c h of t h e m i s l a b e l l e d ( 1 , 2 , . . . , 8) . The d a t a ( t ime) a r e s t o r e d 
f i r s t l y in an 8 - s t a g e buffer m e m o r y f r o m wh ich they a r e t r a n s f e r r e d 
in to the 8 K - m e m o r y of the m i n i - c o m p u t e r ( L A B E N 70). The buffer 
m e m o r y a c t s a s a " d e - r a n d o m i z e r " of the t i m e - d i s t r i b u t i o n of p u l s e s 
and a l l o w s for r e d u c t i o n of s i g n a l l o s s e s d u r i n g the t r a n s f e r c y c l e s 
in to the c o m p u t e r m e m o r y . A b lock d i a g r a m of t h i s i n s t r u m e n t a t i o n 
i s g iven in F i g . 15 . 
A s a r e f e r e n c e m e t h o d for p a s s i v e n e u t r o n a s s a y t e c h n i q u e s , we 
c h o o s e the w e l l known R o s s i - α - m e t h o d , wh ich d o e s not r e q u i r e any 
c o r r e c t i o n . The Rossi-OC t e c h n i q u e a l l o w s for the s e p a r a t i o n of c o r ­
r e l a t e d c o u n t s f r o m u n c o r r e l a t e d c o u n t s out of the t i m e - d i s t r i b u t i o n 
14 -
of n e u t r o n d e t e c t i o n p u l s e s . T h i s is done by s u m m i n g up a l l p u l s e s 
wi th in a t i m e i n t e r v a l , At, wh ich fol lows e a c h ind iv idua l d e t e c t o r 
p u l s e and s u b t r a c t i o n of the u n c o r r e l a t e d coun t s wi th in Δ t, which 
a r e c o m p u t e d f r o m the t o t a l count r a t e C a s C At. In the p i c t u r e r o o 
of a c o i n c i d e n c e c o u n t e r , and th i s is a l s o t r u e for the VDC, t h i s 
would m e a n tha t any d e t e c t o r p u l s e m a y open a c o i n c i d e n c e ga te o r 
c l o s e a l l p u l s e c o u n t e r s (i) r e s p e c t i v e l y . In t h i s way t h e r e would be 
no need for c o r r e c t i o n e i t h e r for t r u e c o i n c i d e n c e l o s s e s , d u r i n g 
the t i m e the c o i n c i d e n c e ga te w a s opened o r the input of p u l s e c o u n ­
t e r w a s c l o s e d r e s p e c t i v e l y , o r for the v a r i a t i o n of the F . ( c o r r e ­
l a t ed coun t s p e r p u l s e due to f i s s i o n n e u t r o n s ) wi th count r a t e C. 
( l i n e a r c o r r e c t i o n f a c t o r b . ) . T h i s f e a t u r e of the R o s s i - c c t e c h n i q u e 
i s t h e r e f o r e a p o s s i b i l i t y for t e s t i n g the c o r r e c t i o n f o r m u l a of the 
VDC m e t h o d . The s e c o n d w e a k po in t of the VDC is the v a r i a t i o n of 
the dead t i m e s ( τ . ) due to u n s y m m e t r i c r e p a r t i t i o n of the d e t e c t o r 
p u l s e s a m o n g the 6 p u l s e count ing c h a i n s . A l s o t h i s u n c e r t a i n t y i s 
e l i m i n a t e d in the R o s s i - α a n a l y s i s , j u s t by i n t r o d u c i n g a b l ank of 
4 / u s e c at the beg inn ing of the t i m e i n t e r v a l At to be a n a l y z e d . 
2. M E A S U R E M E N T S WITH STANDARD S A M P L E S IN 30 L. DRUMS 
The m e a s u r e m e n t s wi th known ( P u O j s a m p l e s s e r v e d for the 
d e t e r m i n a t i o n s of 
40 i) F = a v e r a g e n u m b e r of n e u t r o n d e t e c t o r p u l s e s c o r r e l a t e d wi th 
oo 
the f i r s t n e u t r o n d e t e c t o r p u l s e f r o m a P u - 2 4 0 s p o n t a n e o u s f i s ­
s ion e v e n t ( i n t e g r a l a u t o c o r r e l a t i o n ) . 
ii) b . Ξ l i n e a r c o r r e c t i o n f a c t o r s , 
i i i) c a l i b r a t i o n c u r v e s for the VDC i n s t r u m e n t and t h e c o m p u t e r i z e d 
s y s t e m . 
The s t a n d a r d s a m p l e s c o v e r e d the r a n g e of P u - 2 4 0 e q u i v a l e n t 
40 m a s s (m ) b e t w e e n 0. 09 g and 54 g. 
40 e q 
m is def ined a c c o r d i n g to eq . (3) a s 
­ 15 ­
„k , . ­ 4 0 . k .„ Αητ—\ F. 1+F. k n 40 4 0 \ i ι m o ­,_> m = m ) —TT. :— — — —— (12) eq / „40 , , „k 40 40 K ' H V­'F. 1+F. m n k ι ι o 
(k includes 40) 
upper index 40, k stays for Pu­240 ór isotope named "k" respec­
tively. 




40 k n ' = r of neutrons emitted per g of Pu­240 or "k" respec­
40 k F. ' = correlated counts per trigger of counter with dead­time τ . 
by a Pu­240 neutron or "k" neutron respectively. 
k 40 If F. ~ F. that means: all isotopes have nearly the same fission 
1 1 
neutron multiplicities, we can simplify eq. (12) as 
k 
40 40 \ " mk no 
^eq = m ' ~^^~¿ (12.a) Σ k n m o_ 40 40 m n k o 
This condition is nearly fulfilled for all isotopes of our interest, 
i .e . Pu­238, Pu­242 and U­238. 
The Pu­standard samples were put into normal 30 1 drums and 
mixed up with typical matrix materials, like gloves, cleaning papers, 
etc. 
40 2. 1 Determination of F oo 
40 F ^ is defined by the equations (13) and (14) 
- τ / ι „40 „40 , i / x . „40 ,. _ . F. = F w . ( l ­ e ) = F . α . (ι = 1,2, 3, 4) w. ^ 1 
1 CO 1 CO ι ι 
(13) 
40 w. corrects for the effect of having more than one trigger (C. ) from 
16 ­
the same fission event. F o r the desc r ibed equipment w. is very 
close to 1; 
. _ F 4 °a . +1 F 4 V +1 
C = Χ­ Γη ì = X k °°¿n ( k ^ i ) <14> 
io F 4 0 a k 0 F 4 O a 
<χ> ι co k 
from which we obtain 
X k X. 1 ­ 7 ^ " 
ο ίο Α., 
ik *t°=nt^t- = t— ^ 
io k 0 k ik 
X- oc · 
IO 1 
with y., = —— and A = — 
' i k X k ik a k 
The y., a r e the ra t ios of dead- t ime co r r ec t ed t rue coincidence ík 
count r a t e s Χ. /Χ, , according to eq. (10). io ko 
The a . (or A.., ) can be calculated from the known τ . and 1 or 
l k λ 40 
they can be de termined d i rec t ly from m e a s u r e m e n t s of the F . with 
a smal l P u ­ m e t a l sample (low count r a t e , no (a , n) react ions) from 
the following re la t ionships , der ived from eq. (3): 






F 4 0 
for τ , / 1 >> 1 we have cc « 1, F « F and α. 3 —— · 
Κ. Κ. iC 1 .„^r U F co 
40 The p a r a m e t e r F itself is defined by the following formula: 
Ν 




where ρ is the probabil i ty of emitting V neutrons in a fission 
r T-, 4 0 
event of Pu 
40 In pr inciple the m e a s u r e m e n t of F allows the m a t r i x effect, 
CO ' 
i. e. the influence of the m a t r i x m a t e r i a l on the detection efficien­
40 cy ε > to which F is d i rec t ly propor t ional , to be es t imated . 
40 °° However, the F de termined by the y., and Α., m e a s u r e m e n t s ac· oo ' ' í k ík 
cording to formula (15) is very sensi t ive to the uncer ta in t ies of 
those quanti t ies ôy., , δΑ respec t ive ly . 
^Lc­ViK» i k <<>­»*> 
The behaviour of this function in the range 1 ^ ε ^ 0 . 03 is shown 
in F ig . 1 6. 
General ly , the Α.Ί can be de te rmined to about δΑ., = + 0. 01. i k í k — 
The uncer ta in ty of the y may a lso be about ôy., = + 0. 01 for not 
too high count r a t e s (C ). Under such conditions the re la t ive u n c e r ­
40° tainty of the actual F = 0. 066 (for ε = 0. 062) amounts to about 




The p rec i s ion of the F ^ ­ m e a s u r e m e n t can be improved signifi­
cantly, by ra is ing the de tec tor efficiency ε. In Table I the m e a s u r e d 
40 CL ., A. , y. and F values a r e summar i zed . 
2. 2 Determinat ion of the L inear Cor rec t ion F a c t o r s b. 
: 1 
The l inear co r rec t ion factor b. takes into account the var ia t ion of 
40 1 
the F . with the count ra te C. as defined by eq. (9) and eq. (10), b. 
is de te rmined by the r e l a t ionsh ip : 
­ 18 
(y ) 
V y i k y C . 1 + b . C . 
(20) (y ) " 1+b. C, i k ' o k k 
V c bi = c-l(rT-<1+bkck)-1J < 2 1 » ι ^ ík ·* o 
X. 
w h e r e (y ) „ m e a n s ­rr— for C. 
il·- C . A ι 
í k i k 
X. and (y ) m e a n s ­rr­ e x t r a p o l a t e d for C. = 0. ( see F i g . 17) ik o Χ ι k 
F o r k s l , we have b, C, < b . C . << 1 and b, d o e s not need to be 
k k i i k 
known v e r y e x a c t l y , for the d e t e r m i n a t i o n of the b . (i = 2, 3, 4) . In 
fact b w a s d e t e r m i n e d d i r e c t l y f r o m X ­ m e a s u r e m e n t s wi th a 1c κ 
s m a l l P u ­ m e t a l s a m p l e a s a funct ion of the count r a t e C, , wh ich 
k 
w a s v a r i e d by add ing ( a , n) s o u r c e ­ n e u t r o n s . T h e s e e x p e r i m e n t a l 
r e s u l t s a g r e e d v e r y w e l l wi th a Monte C a r l o ­ c a l c u l a t i o n by m e a n s 
of the c o m p u t e r i z e d s y s t e m . 
The e x p e r i m e n t a l b . ­ v a l u e s a r e d e r i v e d f r o m the p lo t s X . / X a s 
func t ions of C. of F i g . 17. 
A s u m m a r y of the e x p e r i m e n t a l and Monte C a r l o ­ r e s u l t s is g iven 
in T a b l e 2. 
2. 3 C a l i b r a t i o n C u r v e s 
C a l i b r a t i o n c u r v e s for V D C ­ and R o s s i ­ ­ t e c h n i q u e s a r e g iven 
in F i g . 1 8. 
L e a s t s q u a r e s f i ts to p o l y n o m i a l s showed tha t the b e s t f i t t ing func­
t i ons a r e of the type 
40 2 m = a . + a , .X . + a_..X. for VDC t e c h n i q u e and eq oi l i ι ¿ ι ι 
40 2 m = a + a, Χ + a 0 X for R o s s i ­ a ­ t e c h n i q u e , eq o a la a ¿a a 
19 -
All curves from VDC-techniques a r e essent ia l ly of the same 
shape. This is m o r e d i rec t ly demons t ra ted by the best-f i t t ing 
p a r a m e t e r s , for which the following equations mus t hold: 
a . = a . (22) 
01 ok x ' 
a '2k 2 i \ , a 1 . li 
Equivalence between VDC and R o s s i - α - techniques is checked 
by analogous conditions: 
a . = a 
οι ο α 
2 ( 2 3 ) 
a_ = a . A 
2a 2 lVa i · 
The exper imenta l r e su l t s confirm the conditions (22) fair ly well 
but not as well for the conditions (23). This indicates a ce r ta in s y s ­
temat ic d i sc repancy between VDC and Ross i -α ana lys i s . In p r in ­
ciple, the R o s s i - α-technique should be m o r e exact than VDC owing 
to the uncer ta in t ies of the l inear co r rec t ion factor (b.) and the ef­
fective dead- t ime (τ . ) of the VDC technique. These uncer ta in t ies 
cause sys temat ic e r r o r s for high count r a t e s , i. e. l a rge Pu-240 
amounts , which a r e affecting the coefficients a of the quadrat ic 
co r rec t ion t e r m s of the ca l ibra t ion cu rves . These t e r m s take a c ­
count of var ious non- l inear phenomena which a r e mainly due to the 
neutron mult ipl icat ion and slowing down p rope r t i e s of the s tandard 
s ample s . The slowing down p rope r t i e s a r e essent ia l ly de te rmined 
only by the hydrogenous m a t r i x m a t e r i a l s . As the m a t r i x was a l ­
ways the same for al l s tandard samples , we may conclude that the 
quadrat ic co r rec t ion t e r m of the ca l ibra t ion curve mainly d e s c r i b e s 
the neutron mult ipl icat ion effect. 
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2. 3. 1 Neutron Multiplication Effects 
Neutron mult ipl icat ion by induced fission p r o c e s s e s , in Pu­239 
and Pu­241 mainly, changes the neutron emiss ion mult ipl ic i ty . Both 
the spontaneous fission and the ( a . n ) neutrons a r e contributing to 
this effect. An exact t r ea tmen t of this problem is ve ry difficult and 
it is unresolvable for unknown sample s . Neve r the l e s s , a working 
hypothesis for es t imat ing the magnitude of this effect can be e s t a ­
blished. In the case of PuO_ s tandard samples , the ra t io of sponta­
neous fission to ( OC, n) neutron emiss ion and therefore X. /C Ξ r. is 
is os ι 
near ly constant . The production of induced fission neut rons , 
P s = ( $ . v 2 f . V ) s 
should be propor t ional to the square of the P u ­ m a s s , because both 
the mean neutron flux φ and the mean induced fission c r o s s section 
2 fV a r e propor t ional to the P u ­ m a s s (V means the volume of the sample) . 
In the case of Pu ­was t e , the assumpt ion about the constant sponta­
neous fission to (α, n) neutron emiss ion rat io cannot be maintained, 
but we may account for this by a co r rec t ion factor on the neutron flux. 
If we a s s u m e that the neutron flux φ is propor t ional to the count ra te 
C , this flux cor rec t ion factor is equal to the ra t io of the count ra te 
C of the unknown sample to the count ra te C of the s tandard sample . o r os r 
The production of induced fission neutrons in the unknown sample can 
be wr i t ten therefore as 
C ? C C P = P . 7 ^ - k m ¿ 7 r - = k m S . ^ (24) S C C 1 Λ.. OS OS 1 
If we further a s s u m e that the coincidence count r a t e , Δ X., due to 
ι 
induced fission events , is p ropor t iona l to P, we obtain 
ΔΧ. =ΔΧ. -p.— * p . , . ·m —— = P­>.m r. ­rr— (25) 
ι is C 2i C 2ι ι X. 
os os ι 
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2 w h e r e ΔΧ. = Ρ­,.m is the c o i n c i d e n c e count r a t e due to i nduced is 2i 
f i s s i o n s in the s t a n d a r d ­ s a m p l e . 
The r e l a t i o n s h i p b e t w e e n ρ and the b e s t f i t t ing p a r a m e t e r s of 
the c a l i b r a t i o n c u r v e s a, , and a_.. is ob ta ined f r o m the e q u a t i o n s 
li ¿ι ^ (a . ~ 0, ρ . ~ 0 n e g l e c t e d ) v oi ~ *oi ~ B ' 
2 m = a . .X . + a ­ . X . (26) 
l i ι ¿ι ι 
2 X. = p , . m + p _ . m (27) 




P l i 
p 2 i (28) 
4 p 2 i 2 1 
F o r ­ r ­ ^ X . = 4 p _ . . a . . X . « 1 (p. . = ) 
2 ι r 2 i li ι v j rli a , . 
P l i h 
the r o o t e x p r e s s i o n of e q u a t i o n (28) can be e x p a n d e d in a T a y l o r s e ­
r i e s i g n o r i n g the t h i r d o r d e r t e r m . C o m p a r i s o n of coe f f i c i en t s g i v e s 
a 2i 
P 2 i K ­ T 
a i i 
In a l l a s s u m p t i o n s m e n t i o n e d a b o v e , the c o r r e c t i o n for the n e u t r o n 
m u l t i p l i c a t i o n effect of unknown s a m p l e s , i. e . the d i f f e r e n c e r e l a ­
t ive to s t a n d a r d s a m p l e s i s e q u a l to 
C C 
A m 4 ° = a x f ( l - - £ - ) = a X?(l-r.==S) (29) eq ¿ i i C ¿ i i ì­X. os i 
40 T h e v a r i o u s p a r a m e t e r s for the c a l c u l a t i o n of AX. and Δ m a r e i eq 
s u m m a r i z e d in T a b l e 3. 
In r e a l i t y , the n e u t r o n m u l t i p l i c a t i o n effect i s m u c h m o r e c o m p l i ­
c a t e d . It d e p e n d s s t r o n g l y on the m o d e r a t i n g p r o p e r t i e s of the m a t r i x 
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and on the d i s t r i b u t i o n of the f i s s i l e m a t e r i a l wi th in the m a t r i x . 
F r o m c a s e to c a s e t h e r e m i g h t be a v a r i a t i o n of m u l t i p l i c a t i o n 
effect by o r d e r of m a g n i t u d e . 
2. 3. 2 M a t r i x Ef fec t s 
The in f luence of a p o l y e t h y l e n e m a t r i x wh ich i s one of the s t r o n g ­
e s t m o d e r a t i n g m e d i a , on the count ing e f f i c i ency of the d e t e c t o r a s ­
s e m b l y , i s shown in F i g . 6, e s p e c i a l l y by the c u r v e ε (R)/e (0) f. (R). 
F r o m th i s c u r v e one can e s t i m a t e the m a x i m u m p o s s i b l e v a r i a t i o n 
of the count ing e f f i c iency for a g iven net we igh t of the w a s t e d r u m , 
j u s t a s s u m i n g tha t a l l the m a t r i x m a t e r i a l in the w a s t e is c o m p o s e d 
of h ighly m o d e r a t i n g m a t e r i a l s . If a v a r i a t i o n of the coun t ing ef f i ­
c i e n c y wi th in + 10% ( c o r r e s p o n d i n g to + 20% v a r i a t i o n of the c a l i b r a ­
t ion c u r v e s ) i s c o n s i d e r e d a s t o l e r a b l e , t he net we igh t of the w a s t e 
d r u m should not e x c e e d 3 kg . On the o t h e r hand , w e a k l y m o d e r a t i n g 
m a t r i x d o e s not p e r t u r b so m u c h the coun t ing e f f i c i ency . A m u l t i p l e 
of the 3 kg l i m i t c a n be a l l o w e d for h igh Ζ m a t e r i a l s a s m a t r i x , l ike 
F e , Cu, P b , e t c . wi thou t e x c e e d i n g the + 10% l i m i t for the v a r i a t i o n 
of the count ing e f f i c i ency . T h e r e f o r e , it i s h igh ly d e s i r a b l e to m e a ­
s u r e the coun t ing e f f i c iency d i r e c t l y . A p o s s i b i l i t y of such a m e a ­
s u r e m e n t i s e x p l a i n e d in the s e c t i o n 2. 1. Owing to the d e p e n d e n c e 
of the p r e c i s i o n of t h i s m e t h o d on the coun t ing e f f i c iency i tself , a s 
shown in F i g . 16, t h i s m e t h o d i s r e s t r i c t e d to h igh e f f i c iency d e t e c ­
t o r s . M o r e o v e r , owing to the i n c r e a s e of s y s t e m a t i c e r r o r s of the 
c o i n c i d e n c e count r a t i o s (X . /X , ) w i th count r a t e C , t h i s m e t h o d is 
■i k ο , 
a l s o l i m i t e d to low count r a t e s of abou t s m a l l e r than 5. 1 0 c p s . 
T h e s e l i m i t a t i o n s of the m e t h o d a r e anyhow a d a p t e d to the p r o b l e m , 
b e c a u s e w a s t e m a t e r i a l s c o n t a i n g e n e r a l l y s m a l l a m o u n t s of P u . 
3. M E A S U R E M E N T S WITH UNKNOWN Q U A N T I T I E S O F P u IN 30 1 
WASTE DRUMS 
Af te r c a l i b r a t i o n of the i n s t r u m e n t s , 134 m e a s u r e m e n t s wi th w a s t e 
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d r u m s have been per formed during a period of about 3 months . 
No ca l ibra t ions of the ins t ruments were done during this per iod. 
As far as the VDC ins t rument is concerned, no breakdown has been 
observed . On the other hand, an e lec t ronic defect of the "fast data 
acquisi t ion uni t" (de- randomizer ) was d iscovered after 1 month 
operating t ime . This defect caused sys temat ic e r r o r s in the ana ­
lys is and it was detected because of d i sc repanc ies between the VDC 
and R o s s i - a ( c o m p u t e r ) r e s u l t s . F o r this r eason the " d e - r a n d o m i z e r " 
had to be r epa i red and the 18 most in te res t ing waste d r u m s were r e -
m e a s u r e d . These m e a s u r e m e n t s finally se rve for compar i son be ­
tween the Ros s i - α method ( reference method) and the VDC method. 
It is c l ea r that this compar i son gives a d i rec t answer about the va ­
lidity of the VDC analys is method. 
3. 1 Resul ts 
The r e su l t s of the analys is of al l 134 m e a s u r e m e n t s a r e s u m m a ­
rized in Tables 4 and 5. 
In Table 4 the r e su l t s of 1 8 m e a s u r e m e n t s for compar i son between 
VDC and R o s s i - α ana lys is a r e given. Table 5 r e p r e s e n t s the VDC 
resu l t s for a l l m e a s u r e m e n t s which have been made . The data a r e 
p resen ted in the same sequence as they have been m e a s u r e d over a 
3 months ' per iod. Some of the waste d rums have been m e a s u r e d s e ­
v e r a l t i m e s , for example drum code E 281-2 has been m e a s u r e d 4 
t imes during 3 months and no drift of the r e su l t s is observed. 
The quoted e r r o r l imi ts a r e the sum of th ree sources of e r r o r : 
i) counting s ta t i s t i cs Δ,Χ. 
ii) uncer ta in ty and var ia t ion of the effective counter dead t imes Δ?Χ. 
iii) uncer ta in ty of the l inear co r rec t ion factor b . . 
A,X. is calculated from the s tandard e r r o r of the count ra te C , 
l i o 
which is equal to Λ/C and from the s ta t i s t i ca l e r r o r of the dead 
o 
t imes losses (C -C.) which is equal to *TC -C . . With these s tandard o r o i 
- 24 -
e r r o r s we obtain: 
r l + C . b . / A/C - Λ / C - C . 
Α Λ = ± Γ - ^ Α ( «/ε-- ° ° i i i (30) l i ­ 1 1 / 17^ o 0 1 ~ V ^ o " 1­C.T. 
where t means the total counting t ime , 
A?X. and Δ­,Χ. a r e obtained from e r r o r propagation of Δτ. and Ab. 
« 1 -5 1 i l 
respec t ive ly . 
Δ Λ = +-(Α)(ι + ΕΛ>Η (31) 
Δ _ Χ . = + ±u X . A b . (32) 3 1 — 1+C.b . 1 1 1 1 
û X ^ K U ^ i 1+ Ι Δ ^ Ι + |Δ 3 Χ ί | ) (33) 
F r o m AX. we calculate the uncer ta in ty of the Pu eq. m a s s as 
Am = + (a AX- + 2a Χ ΔΧ.) (34) 
1 1 1 ¿ - - 1 1 1 
•where a,, and a_. a r e the p a r a m e t e r s of a best fitting parabola to li Zi 
the ca l ibra t ion cu rves . 
No co r rec t ions have been applied for neutron mul t ip l ica t ion­ and 
m a t r i x effects. The methods for es t imat ing these effects, (as ex ­
plained in sect ions 2. 3. 1 and 2. 3. 2) a r e not sufficiently a c c u r a t e . 
3. 2 Discuss ion of the Resul t s 
The impor tant question concerning the validity of the VDC con­
cept for t ime cor re la t ion ana lys i s has been r igorous ly tes ted by the 
compar i son with a s tandard method, the Ros s i ­ α technique. The 
t ime cor re la t ion analys is of the waste m e a s u r e m e n t s a lso is an ex­
t r eme ly hard test ing in so far as the neutron emiss ion ra te of some 
of the waste d rums is very high and in addition the ra t io of c o r r e l a ­
ted to uncor re la ted counts is ve ry low. F o r ins tance the waste d rum 
4 E 250 gave a count ra te of 2. 2 χ 10 cps and the ra t io of co r re l a t ed 
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to uncor re la ted counts was about 80% sma l l e r as compared to the 
PuO ? s tandard samples . 
The re su l t s of the compar i son between the VDC and R o s s i - α analy­
s i s , as given in Table 3, show that both methods a r e fully equiva­
lent, because the re is a complete ag reemen t of al l r e su l t s within 
the e r r o r l imi t s . General ly, the e r r o r l imi ts of the VDC analys is 
a r e decreas ing with increas ing dead- t ime T.. There is a lso a c e r ­
tain sys temat ic "drift ing" of the values for the Pu equivalent m a s s 
which is growing up with τ . . This effect is due to the sys temat ic 
var ia t ion of the effective dead- t ime τ . , for unsymmet r i c r e p a r t i ­
tion of the count ra te C among the six pulses counting chains, as 
explained in section 1.2. This var ia t ion Δθ is always negative and 
tends to unde res t ima te the coincidence count ra te X. by 
ι 
AX. = - C.C Δ θ . 
1 I O 
This e r r o r is general ly increas ing with the count ra te C and r e l a ­
tively dec reas ing with increas ing τ . 
The second impor tant point is the reproducibi l i ty of the r e su l t s 
and a l so this point has been checked r igorously for the VDC. The 
r e su l t s of VDC m e a s u r e m e n t s in Table 4 demons t ra te that the re is 
full ag reemen t within the quoted e r r o r l imi ts for al l m e a s u r e m e n t s 
during a 3 months ' operat ion without reca l ib ra t ion of the ins t ruments 
without reject ing any data of m e a s u r e m e n t s which were routinely 
made and p roces sed . 
The third point of main in t e re s t concerning the m a t r i x effect, can 
not be considered as resolved completely. F r o m al l invest igat ions 
there is however, a genera l s ta tement possible about this p rob lem. 
This allows waste d r u m s to be classif ied by the i r m e a s u r e d net weight 
into two ca tegor i e s . One for which the maximum sys temat ic e r r o r l i ­
mi t s can be ass igned and another category where the e r r o r l imi ts might 
be exceeded. This simply means that a maximum possible e r r o r can 
be deduced from the net weight of the d r u m , assuming that a l l the m a ­
t r ix m a t e r i a l is composed of highly neutron modera t ing m a t e r i a l like 
polyethylene, which makes the maximum per turba t ion of the ca l ibra t ion 
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c u r v e s . In the plot of the var ia t ion of the de tec tor response as 
a function of quantity of polyethylene as m a t r i x m a t e r i a l in F ig . 6 
we see an oscil lat ion of this function from posit ive to ze ro and fi­
nally to negative per tu rba t ions , with increas ing amount of m a t r i x 
ma te r i a l . This behaviour is a c h a r a c t e r i s t i c of the detection a s ­
sembly. It is quite reasonable to set the to le rance level of the m a ­
t r ix effect equal to the maximum posit ive per turba t ion , which is 
about 10%o and to set the maximum net weight l imit at the negative 
per turba t ion of -10%>, which is equal to about 3 kg. The maximum 
bias can be calculated from the ac tual dis t r ibut ion of the net weight 
between 0 and 3 kg just by taking a weighted average over the p e r ­
turbat ion functions in F ig . 6. Moreover , it mus t be kept in mind, that 
a var ia t ion of the detection probabil i ty (response) by + 10%o resu l t s 
in about + 20%> per turbat ion of the coincidence count ra te , i. e. of 
the cal ibrat ion factor. 
The next step would be to de te rmine the m a t r i x per turba t ion of 
the waste d rums which exceed the 3 kg l imit . F o r this purpose we 
consider the de terminat ion of F according to eq. (15). Here we 
need a prec is ion for F at leas t within + 10%o. This could be ob-
r CO — 
tained by a detection head with at leas t 0. 2 counting efficiency as 
shown in section 2. 1 and Fig . 16. This possibi l i ty will be inves t i ­
gated in detai l . The p resen t detect ion head with 0. 062 counting effi­
ciency is not suitable for the requi red prec i s ion of F . 
CO 
A difficult point is the neutron mult ipl icat ion effect; from what 
has been explained in section 2. 3. 1, it might be impor tant for waste 
d rums with large Pu content and high neutron flux. An ex t reme exam­
ple for this problem is the d rum E 250 (50 g P u - 240 - equivalent and 
4 
2. 2x10 cps) . 
The cor rec t ion for self-mult ipl icat ion according to eq. (29) amounts 
to -35% for VDC resu l t s and -20%> for R o s s i - α r e su l t s . These figures 
a r e however, very rough e s t i m a t e s . 
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In rea l i ty the re will always be a superposi t ion of both the self-
mult ipl icat ion and the m a t r i x effects, which somet imes may add 
up or compensate each o ther . No c lea r s ta tement is possible from 
the exper imenta l data. 
4. CONCLUSIONS 
The repor ted m e a s u r e m e n t s of the Pu-240 content in waste d r u m s 
from the EUROCHEMIC rep roces s ing plant r ep re sen t a severe tes t 
on the usefulness of pass ive neutron a s say techniques. The analys is 
of the exper imenta l data allows for the definitions of the capabil i t ies 
and l imita t ions of the ins t rumen t s involved in this e x e r c i s e . 
1. The VDC method is equivalent to the Ross i -α method for a l l in­
vest igated waste d rums , cor responding to a maximum neutron 
4 
count ra te of 2. 2x10 cps . 
2. The VDC ins t rument has proved the highest degree of stabil i ty and 
opera t ional re l iabi l i ty . 
3. The m a t r i x effect can be es t imated from the net weight of the waste 
d r u m s . Detailed invest igat ions a r e requi red for the evaluation of 
the co r rec t ions from exper imenta l data. The p rocedure is explained 
in sect ion 2. 3. 2 of this paper . 
4. The neutron mult ipl icat ion effect is a severe source of e r r o r for 
d r u m s with large amount of Pu and high neutron flux. 
5. The detect ion l imit of the VDC method is about 1 mg Pu-240 equi ­
valent for a 1 5 ' m e a s u r i n g t ime and low background of ep i the rmal 
and fast neu t rons . 
6. F o r a maximum of 3 kg of any kind of m a t r i x m a t e r i a l and a m a x i -
4 
mum of about 10 cps the accuracy of the m e a s u r e d Pu-240 equi­
valent m a s s should stay within + 20% rela t ive e r r o r l imi t s . 
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F o r the d rums m e a s u r e d in this work, EUROCHEMIC had 
a good es t imate of the i r isotopie composi t ion, both from a d m i ­
n i s t ra t ive control (drum origin, t ime of filling the d rum, m a s s 
spec t rome t r i c data on the m a t e r i a l at the exit points) and from 
high resolut ion g a m m a ­ s p e c t r o m e t r i c m e a s u r e m e n t s on d rums 
and s tandards (see ref. (3)). 
Thus , the m e a s u r e m e n t s per formed in this work can be used 
with confidence for accountabil i ty and safeguards pu rposes , s ince 
the total plutonium content is obtained by mult iplying the found 
Pu­240 content with the appropr ia te factor . 
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6. TABLES 
TABLE 1 - Exper imen ta l Data for Evaluation of F ^ (see eq. (15) 








0.373 + 0.002 
0.615 + 0.002 
0. 862 + 0.003 
0.981 + 0.004 
A i l 
1.000 
1.649 + 0. 010 
2. 311 + 0. 015 
2.630 + 0.018 
a l l 
y i l ~ a . . 
l i 
1.000 
1.614 + 0.01 
2.214 + 0. 01 
2.523 + 0.01 
F o o 
0.088 + 0.050 
0. 093 + 0.030 
0.072 + 0.018 
from m e a s u r e m e n t s with P u - m e t a l s tandard F = 0 . 066 + 0. 002 






b. ( u s e e ) 
ca lcula ted value 
8.0 + 1.6 
19.0 + 1.7 
32.0 + 2.0 
42 .0 + 2. 0 
exper imenta l value 
8.0 + 3 
16.0 + 3 
28. 0 + 3 
38.0 + 3 
T A B L E 3 - P a r a m e t e r s for E s t i m a t i o n of the N e u t r o n M u l t i p l i -






R o s s i - « 
aH fe s e cl 
0 . 6 0 5 6 
0 . 3 7 5 2 
0 . 2 7 3 6 
0 . 2 4 0 0 
0 . 3 3 2 4 
a2i [g SeC ] 
- 0 . 0 0 0 8 8 
- 0 . 0 0 0 3 4 
- 0. 00018 
- 0 . 0 0 0 1 3 
- 0 . 0 0 0 1 5 
P2i [g"2 s e c _ 1] 
0 . 0 0 3 9 6 
0 . 0 0 6 4 7 
0. 0088 
0 . 0 0 9 4 
0 . 0 0 4 0 8 
r . 
1 
0 . 0 1 5 5 
0. 0251 
0 . 0 3 4 2 
0 . 0 3 8 7 
0 . 0 2 5 5 
CO 
o 





















S a m p l e 
C o d e 
E 250 
E 2 7 2 ­ 2 
E 2 4 3 ­ 3 
E 2 8 1 ­ 2 
E 2 4 4 ­ 3 
E 2 5 5 ­ 2 
E 245 
E 2 8 3 ­ 2 
E 137 
E 2 4 3 ­ 2 
E 2 7 7 ­ 2 
E 183 ­2 
E 2 7 1 ­ 2 
E 2 0 8 ­ 1 




C Q ( c p s ) 
22 , 100. 5 
2 2 , 4 0 1 . 8 
1 2 , 9 4 4 . 2 
8, 7 2 0 . 3 
1, 959 . 4 
2 , 6 2 6 . 4 
4 , 877 . 9 
3 , 1 4 3 . 0 
9 4 9 . 0 
3 , 4 2 5 . 9 
4 , 3 7 4 . 6 
6 , 6 7 0 . 2 
1 , 3 9 9 . 3 
1 , 8 1 9 . 1 
4 , 9 2 3 . 0 
1 , 4 3 7 . 3 
5, 4 4 2 . 8 








4 5 . 6 + 
4 5 . 2 + 
1 6 . 8 + 
3 3 . 9 + 
9 . 0 1 + 
6. 69 + 
16 . 3 + 
7. 10 + 
4 . 8 9 + 
5. 70 + 
8 . 9 4 + 
2 8 . 2 + 
8. 13 + 
9 . 4 7 + 
2 9 . 0 + 
6 . 2 9 + 
4 6 . 9 + 
1 3 . 7 + 
340 . 
18 . 5 
19. 0 
6 . 3 
3 . 5 
0. 34 
0 . 4 6 
1. 26 
0. 60 ■ 
0. 15 
0 . 6 6 
0 . 9 9 
2. 2 
0. 23 






9 3 % 
250 . 0 g 
96 % 
P u ­ 2 4 0 e q u i v a l e 
V D C ­ R e s u l 
Lz 
5 0 . 4 + 12. 8 
5 1 . 9 + 1 3 . 2 
1 8. 9 + 4 . 3 
34 . 3 + 2 . 5 
9. 11 + 0 . 2 6 
6. 86 + 0. 35 
1 6 . 7 + 0 . 9 3 
6. 71 + 0 . 4 4 
4 . 96 + 0. 12 
6 . 2 0 + 0 . 4 9 
9 . 1 9 + 0 . 7 2 
2 7 . 9 + 1.6 
8. 16 + 0. 18 
9. 70 + 0. 25 
2 9 . 9 + 1.01 
6. 48 + 0. 18 
4 5 . 9 + 1.5 
1 3 . 5 + 0 . 4 2 
356 . 8 g 
97 r» 
254 . 5 g 
98% 
at m a s s (g] 
ts fo r 
"3 
50. 8 + 
5 2 . 4 + 
20. 3 + 
34. 9 + 
9. 14 + 
6. 92 + 
1 6 . 7 + 
7. 32 + 
4 . 81 + 
6. 25 + 
9 . 2 5 + 
2 9 . 3 + 
8. 40 + 
9 . 9 0 + 
2 9 . 8 + 
6 . 4 6 + 
4 5 . 77 + 
1 3 . 3 + 
3 6 1 . 8 
9 . 8 
10. 
3 . 4 
















9 8 % 





5 3 . 8 + 8. 3 
4 5 . 9 + 8 . 4 
2 1 . 6 + 3 . 0 
3 6 . 8 + 1 .8 
9 . 0 2 + 0. 23 
6 . 8 5 + 0 . 3 0 
1 7 . 0 + 0 . 7 1 
7. 21 + 0. 37 
4 . 9 0 + 0 . 1 1 
5 . 4 9 + 0 . 4 0 
9 . 3 6 + 0. 57 
2 7 . 9 + 1.2 
8. 59 + 0. 17 
9 . 9 8 + 0 . 2 2 
2 9 . 6 + 0 . 8 2 
6 . 72 + 0. 16 
4 5 . 5 + 1.0 
1 3 . 4 + 0 . 3 5 
3 5 9 . 6 g 
9 8 % 
2 5 9 . 9 g 
100% 
R o s s i ­ Λ 
R e s u l t s 
5 1 . 1 + 5 . 9 
56. 5 + 4 . 1 
1 8 . 0 + 2 . 2 
3 6 . 9 + 1.2 
9 . 1 9 + 0 . 2 3 
6 . 6 8 + 0 . 3 2 
1 7 . 0 + 0 . 6 4 
7. 07 + 0. 39 
4 . 87 + 0. 11 
5 . 9 3 + 0 . 4 3 
9 . 9 5 + 0 . 5 7 
3 0 . 1 + 0 . 9 0 
8 . 7 2 + 0 . 1 7 
9. 81 + 0. 22 
3 0 . 3 + 0 . 6 2 
6 . 7 6 + 0. 17 
4 5 . 8 + 0 . 6 7 
1 3 . 6 + 0 . 3 2 
3 6 8 . 3 g 
100% 
2 6 0 . 6 g 
100% 
co 



















S a m p l e 
Code 
E ­ 1 5 1 
E ­ 2 4 3 ­ 2 
. E ­ 2 4 6 
E ­ 2 4 7 ­ 2 
E ­ 2 5 0 
E ­ 2 7 2 ­ 1 
E ­ 2 7 2 ­ 3 
E ­ 2 7 5 ­ 1 
E ­ 2 7 5 ­ 2 
E ­ 2 7 7 ­ 2 
E ­ 2 8 1 ­ 1 
E ­ 2 8 1 ­ 2 
E ­ 2 8 3 
E ­ 2 8 3 ­ 3 
E ­ 2 8 4 ­ 1 , 
E ­ 2 8 4 ­ 2 
E ­ Í 5 1 
C (cps) 
o ' 
3 4 8 4 . 9 8 
3398 . 1 
2465 . 5 
8 1 5 . 7 
2 1 9 2 0 . 0 
472 . 5 
2 0 2 . 4 
4 6 9 . 8 
1 4 4 3 8 . 2 
4 3 6 3 . 0 
15031 . 9 
8 9 7 9 . 9 
1 2 8 1 8 . 6 
5 1 3 6 . 5 
2 1 3 5 . 5 
8 6 0 . 7 
3513 . 5 
r i 
2 4 . 9 8 + 
6 . 6 9 + 
3 .96 + 
2 . 7 1 + 
3 5. 96 + 
2 . 9 1 + 
1.38 + 
2 . 6 9 + 
1 8 . 0 6 + 
9 .60 + 
4 7 . 79 + 
• 3 4 . 5 9 + 
2 9 . 9 + 
1 5 . 5 + 
8 .62 + 
3 . 15 + 
2 4 . 9 + 
0.76 
0 . 6 2 
0 . 3 7 
0 . 0 9 
1 6 . 4 
0 . 0 6 
0 . 0 3 
0 . 0 6 
7 . 8 
0. 93 
7 . 6 4 
3 . 2 1 
6 . 2 
1.3 
0 . 3 3 
0. 10 
0. 7 
P u ­ 2 4 0 E q u i v a l e n t (g) 
V 2 
2 5 . 13 + 
6. 82 + 
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Fig . 3 - TOP AND SIDE VIEWS OF DETECTOR ASSEMBLY 























1 fr ( Γ) 
axial position ζ 
radialposition r (cm) 
-20 -10 10 
FIG. A-AXIAL AND RADIAL COUNTER RESPONSE FUNCTIONS 
20 







fr(R) = 7¿- Γ R fr (D Γ dr 
R* "Ό 
f2 (H/2) = l - ^ 2 / 2 f z ( z ) d z 








' ' I L_ 
5 10 15 
Radius R,Half Height H/2 (cm) 
FIG. 5-COUNTER RESPONSE FUNCTIONS AVERAGED OVER 
RADIUS R AND HEIGHT Η OF EMPTY CILINDRICAL 
DRUMS 
- 43 -





T, (R)^ ; 0 " f , ( r ) rdr 
r,(R) = {-Jr^f,(i)d«}« 
ε 0 ( κ ) = counting efficiency in center ( ζ = o,r = o) 
of drums 
10 15 
Drum radius R (cm) 
FIG.6-M0DERATING MATRIX EFFECT ON COUNTER RESPONSE 
FUNCTIONS 
3 A 5 
Mean neutron energy E n (MeV) 






















wel l counter 
F œ ( 1 - e ) 
16 32 64 Z(yu sec) 128 


















Detector bias voltage 1830 V 
VDC - unit CC Ν 2 
1 2 3 4 5 6 7 8 
Discriminator setting (V) 
FIG. 9 - COUNTING EFFICIENCY AS A FUNCTION OF 
DISCRIMINATOR SETTING 
# 
NEUTRON COINCIDENCES COUNTER MOO. CCN 2 EURATOM CCR ISPRA ELECTRONICS 
•READOUT CONTROL· 
> 


















































































VDC with 6 pulse forming chains 
H V =1830 V 
Cf 252 source in center of the well 
1U 
0.5 1.5 2 
Discrimination level (V) 

















í\ 1 y 
Ι Χίο 
4 





Neutron dieaway time (yus) 
FIG. 13-LINEAR CORRECTION FACTORS (bi) AS FUNCTIONS OF 
THE NEUTRON DIEAWAY TIME ( I ) 
■Stir/ J orimiry h/j/ery ¿y 
rjtdom jrttrj/ion o/ J 
atn/ineow ere/r/, 
(//uifa, (a, η) rnc/ian) 
l~Ptist on ■ frecen, ñ J 
//o/t Me index o/ diti ί/κ/tr 
w/lie/i c/uncZerirti ZAr 
'li/e' $/ Ztis primi ry trtn/. 
Ut Ζ t ZAe /ine e/ Zie she/ 
T. 
Ætnnonr dt/trmini/ion a f 
* tpc///c iio/cpe 
Zie »eo/ru /¡/e /ime fé) 
//e/e Me index of ¡ZJ/J é/cc/r 
unici cffiMcZerim Zie 'li/e' 
o/ /nis secondar/ Ais/ory 
0 0 
Cress - cørre/j/fon F 
TUM /* Me Λ**/ sétwairry 
hùhry. Are /nere ¿*/f 
yes 
fa/dom de/erm/tw/fo/i / / /ée 
ttev/ro» em/js/9/t ma/Z/a/ici/y 
firn M Me oer/ nen/ron. 
Are /Aere imi? 
ΊΓ \ï" 
fondom deZerm/mZion a/ 
Me/ec//on ¿J , 'tj 
Ieevced fission ¡Tf , / J 7 
— Loss 
LoòeZing o/ evend λ 
t' Τ i dei?y /ime 
File \ ind / m /Zie diti 
Mc/r /tr de/ec/ir jijoi/s. 
Psndom deZernvm/ion t/ 
i steeZ/ic dr/rr/tr 
lite/ed ty M 
/ne net/ron Zi/e Zimef/J 
f r . * j 
fiZe λ i ind Ζ là l'Zìe diti 
òZocZr /tr de/ec/ir jiom/s. 
ZÌA ÍÁ .· ScnenuZic Z/tw dii f ri m fir /Zìe ZionZr- C ir Zo timuti/im t/ net//ro/> 
hii/try in i de/rcZtr irnnjemea/. 
48 
poZiej fritn detrcZor 
. jM/îJemen/ 
C/ocA- ft) Conrer/er (i//rMe/iåe/indfi«r) 








o/ redured di/j 
l/eri/icjfion o/ 
/issionii/e mi/er/i/ 





//n. /5 : Com/it//eri/ed sys/em /tr Z/me corrr/i//o/> ini/ys/s 
tf nei/ron deZec/ion po/ses - fschzmjtic ) 
i o - ' 10" io° ε 2-10-2 io-







"f--- t i m » -W— · > » 
x2/x, 
1 2 3 
FIG. 17-LINEAR VARIATION OF X¡/X, (¡ = 2,3.*) AS A FUNCTION 






50 100 150 
Fig. 18-CALIBRATION CURVES-VDC (X¡) ROSSI oC(XoO 





The Office for Officiai Publications sells all documents published by the Commission of 
the European Communities at the addresses below and at the price listed at the back cover. 
When ordering, specify clearly the exact reference and the t i t le of the document. 
BELGIQUE — BELGIË 
Moniteur belge — Belgisch Staatsblad 
Rue de Louvain, 40-42 — Leuvenseweg 40-42 
1000 Bruxelles — 1000 Brussel. — Tél. 512 00 26 
CCP 000-2005502-27 — Postrekening 000-2005502-27 
Sous-dépôt — Agentschap 
Librairie européenne — Europese Boekhandel 
Rue de la Loi, 244 — Wetstraat 244 
1049 Bruxelles — 1049 Brussel 
DANMARK 
J.H. Schultz — Boghandel 
Montergade 19 
1116 København K — Tel. 14 11 95 
GRAND-DUCHE DE LUXEMBOURG 
Office des publications officielles 
des Communautés européennes 
Boîte postale 1003 — Luxembourg 
Tél. 49 00 81 — CCP 191 -90 
Compte courant bancaire: BIL 8-109/6003/300 
NEDERLAND 
Staatsdrukkerij- en -uitgeversbedrijf 
Christoffel Plantijnstraat. 's-Gravenhage 
Tel. (070) 81 45 11 — Postgiro 42 53 00 
DEUTSCHLAND (BR) 
Verlag Bundesanzeiger 
5 Köln 1 - Breite Straße 
Postfach 108 006 — Tel. (0221 ) 21 03 48 
(Fernschreiber: Anzeiger Bonn 08 882 595) 
Postscheckkonto 834 00 Köln 
FRANCE 
Service de vente en France des publications 
des Communautés européennes — Journal officiel 
26, rue Desaix — 75 732 Paris - Cedex 15 
Tél. (1) 578 61 39 — CCP Paris 23-96 
UNITED KINGDOM 
H.M. Stationery Office 
P.O. Box 569 
London S.E. 1 9 N H - ■Tel. 01­928 6977, ext. 365 
UNITED STATES OF AMERICA 
European Community Information Service 
2100 M Street, N.W. — Suite 707 
Washington, D.C. 20 037 — Tel. 296 51 31 
SCHWEIZ — SUISSE — SVIZZERA 
Librairie Payot 
6, rue Grenus — 1211 Genève 
CCP 12-236 Genève — Tél. 31 89 50 
IRELAND 
Stationery Office — The Controller 
Beggar's Bush — Dublin 4 
Tel. 76 54 01 
ITALIA 
Libreria dello Stato 
Piazza G. Verdi 10 










- Via del Tritone 
61 /A e 61 /B 




Vittorio Emanuele 3 
- Via Chiaia 5 
- Via Cavour 46/R 
- V i a XII Ottobre 172 
- Strada Maggiore 23 /A 
SVERIGE 
Librairie CE. Fritze 
2, Fredsgatan — Stockholm 16 
Post Giro 193 — Bank Giro 73/4015 
ESPAÑA 
Libreria Mundi-Prensa 
Castellò 37 — Madrid 1 
Tel. 275 46 55 
OTHER COUNTRIES 
Office for Official publications 
of the European Communities 
Boite postale 1003 — Luxembourg 
Tél. 49 00 81 — CCP 191-90 
Compte courant bancaire'. BIL 8-109/6003/300 
All scientific and technical reports published by the Commission of the European Communities are 
announced in the monthly periodical "euro-abst racts" . For subscription (1 year: B.Fr. 1 025.—) or 
free specimen copies please write to the address below. 
CDNA05158ENC 
Price: FB 85,— 
OFFICE FOR OFFICIAL PUBLICATIONS OF THE EUROPEAN COMMUNITIES 
Boîte postale 1003 — Luxembourg 6581 
